It is estimated that up to one in five individuals develop pituitary gland tumors. Despite the common occurrence of these tumors, the pathogenetic mechanisms underlying their development remain largely unknown. We report the identification of a novel pituitary tumor-derived, N-terminally truncated isoform of FGF receptor-4 (ptd-FGFR4). The corresponding mRNA results from alternative transcription initiation and encodes a polypeptide that lacks a signal peptide and the first two extracellular Ig-like domains. ptd-FGFR4 has a distinctive cytoplasmic residence, is constitutively phosphorylated, and is transforming in vitro and in vivo. Here we show that targeted expression of ptd-FGFR4, but not FGFR4, results in pituitary tumors that morphologically recapitulate the human disease.
Introduction
Pituitary disease results in diverse symptoms, ranging from sexual dysfunction and infertility to accelerated heart disease and cancer. The most common cause of abnormal pituitary function is a pituitary tumor, which can secrete excess pituitary hormones and/or interfere with normal production of regulatory hormones. These tumors occur in up to 20% of the population (1) . Although they are common neoplasms, their cause remains unknown.
The pathogenesis of human neoplasia is the subject of extensive investigation. Some studies characterize alterations in human tumors and identify features that correlate with tumors but differ from normal tissue. Others have induced molecular alterations in mouse models, and identified resulting changes that they implicate in tumor pathogenesis. However, the former may be epiphenomena in human pathology, and the latter may have little relevance to the human situation. Pituitary tumorigenesis is an area where there is an abundance of correlative data concerning altered expression of, or responses to, hormonal and growth factor stimuli that remain unsubstantiated as causative of human disease (2) .
Several mouse models have developed pituitary neoplasia, including those with deficient retinoblastoma (Rb) gene product (3); however, human pituitary tumors do not have structural alterations of the Rb gene (2) . Mice lacking the dopamine D 2 receptor or the cyclin-dependent kinase inhibitor p27 display an agerelated pattern of pituitary hyperplasia that progresses to adenoma formation (4) (5) (6) (7) (8) . However, these models are not reflective of the human situation, as patients with pituitary tumors do not exhibit the underlying hyperplasia identified in the animal model. Moreover, the vast majority of primary human pituitary tumors have intact dopamine D 2 receptor and p27 genes (2) . Transgenic mice overexpressing hypothalamic hormones such as growth hormone-releasing hormone develop pituitary adenomas after prolonged massive hyperplasia of the target cell type (9) , but again, this model does not closely mimic the human situation, with the exception of the very rare patient with neoplastic overexpression of such factors (2) . Although these tumors are an integral part of the multiple endocrine neoplasia type 1 (MEN-1) syndrome, examination of the MEN-1 tumor suppressor gene, an obvious candidate disease gene, revealed no loss of heterozygosity, no identifiable mutations, and no downregulation of activity in the far more common sporadic tumors (10, 11) . Activating mutations of the G sα protein have been identified in growth hormone-producing pituitary adenomas (12) , but these mutations are implicated in only a minority of this subtype of pituitary tumor. The events leading to pituitary tumorigenesis in the vast majority of tumors, therefore, remain to be elucidated.
The identification of mechanisms of tumorigenesis should identify alterations in primary tumors and validate them as causative of disease. We report such an approach in the study of pituitary tumors. The pituitary is the site of synthesis and the target of several growth 
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factors (13) that modulate hormone production and are believed to regulate, in part, pituitary cell growth. Several members of the FGF family have been implicated (14) , including FGF-2 (also known as basic or bFGF), which was originally isolated from bovine pituitary (15) and is differentially expressed by pituitary tumor cells, with higher levels associated with the more aggressive tumors (16) . FGF signaling is mediated through one of four FGF receptor (FGFR) genes that encode a complex family of transmembrane receptor tyrosine kinases (17) . Our examination of FGFR1, FGFR2, and FGFR3 expression in pituitary tumors failed to identify gross alterations that could be implicated in tumorigenesis (18) . Expression of FGFR4, on the other hand, did reveal differences that implicate this receptor in pituitary tumorigenesis. We therefore pursued characterization of FGFR4 expression in pituitary adenomas, and we now report a novel transforming, pituitary tumor-derived, N-terminally truncated FGFR4 isoform.
Methods

Characterization of human pituitary tissues.
Pituitary tumors were obtained at surgery. Normal pituitary tissue was obtained at autopsy within 6 hours postmortem. Each tissue sample was divided, and one portion was fixed in formalin and embedded in paraffin for detailed histologic and immunohistochemical analysis. The second piece was snap-frozen in liquid nitrogen and stored at -70°C.
RT-PCR analysis of mRNA. Total RNA was extracted by the guanidinium isothiocyanate method. One microgram of DNase-treated RNA was reverse-transcribed using 2.5 U/ml of murine leukemia virus reverse transcriptase, 2.5 mM MgCl 2 , 1 mM dNTP, 2.5 mM random hexamers, and 1 U/ml RNase inhibitor. The integrity of RNA of each sample was assessed by amplification of the PGK-1 gene. The human breast cancer MCF-7 cell line, which expresses FGFR4 (18) was used as a positive control for FGFR4 analysis. PCR analyses of FGFR4 mRNA were performed with the following sense primers: exon 1 (5′-TCGGGCTGTCTGCGGACCCTG-3′), exon 2 codons 73-93 (5′-CCTGTTGGGGGTCCTGCTGAGTGTG-3′), exon 4 codons 478-490 (5′-CTTGCTGGGGGTACCT-GTGCCTATT-3′), exon 5 codons 539-558 (5′-TACCT-GCGGGGAACACCGTC-3′), exon 6 codons 658-679 (5′-CTGCGCCATCAGCACTGGAGT-3′), exon 6 codons 726-744 (5′-GCCTGGTAGAGAACGCTGT-3′), and exon 6 codons 745-767 (5′-GGCAGCATCCGCTATAACTAC-CTGC-3′). The antisense primers used were exon 11 codons1536-1557 (5′-CTGACCAAGCCAGCACTGTG-GC-3′), and exon 18 codons 2441-2461 (5′-TCGGGTCTGGGGTGCAGACA-3′). The identity of all PCR products was verified by sequencing using an automated sequencer.
Northern blot analysis of mRNA. Twenty micrograms of DNase-treated RNA was electrophoresed on a 1% agarose gel, transferred to a nitrocellulose membrane, fixed with a UV crosslinker, prehybridized, and hybridized with a 500-bp fragment corresponding to the kinase region of the FGFR4 cDNA. The blot was washed and then exposed for 2 weeks at -70°C. Equal loading of samples was verified by hybridization of the same blot for PGK-1.
Rapid amplification of cDNA ends. First-strand cDNA was generated by reverse transcription from total RNA in the presence of the sense SMART II (CLONTECH Laboratories Inc., Palo Alto, California, USA) oligonucleotide primer (5′-AAGCAGTGGTAACAACGCAGAGTACGCGGG-3′),followed by the addition of dCTPs to the 3′ end of the cDNAs, and PCR using the sense primer 5′-CTAATAC- and the antisense primer in exon 7 of FGFR4 (5′-GGCTC-CGAAGCTGCTGCCGTTGATGAC-3′). PCR products were amplified with an abridged internal universal amplification primer (5′-AAGCAGTGGTAACAACGCAGAGT-3′) and a nested antisense primer in exon 6 of FGFR4 (5′-CACAGCGTTCTCTACCAGGC-3′) under the following conditions: 94°C for 20 seconds, 62°C for 30 seconds, and 72°C for 5 minutes. A similar strategy was used for 3′ rapid amplification of cDNA ends (RACE). PCR products generated were cloned into the pCR-II vector as directed by the manufacturer (Invitrogen Corp., Carlsbad, California, USA). Cloned inserts verified to contain FGFR4 by Southern blot analysis were sequenced using an automated sequencer.
Transfection and plasmid constructs. The HEK 293 cell line is devoid of endogenous FGFRs, and was used for transient transfection studies. NIH 3T3 cells were stably transfected for transformation assays. The entire coding region of human FGFR4 cDNA was obtained from the LTR2HXII vector (provided by J. Partanen, Mount Sinai Hospital, Toronto, Ontario, Canada), and subcloned into the pcDNA3.1 expression vector (Invitrogen Corp.). The ptd-FGFR4 isoform identified in primary pituitary tumors was subcloned into the TA vector, and subsequently into pcDNA3.1. Inserts were sequenced to confirm FGFR4 wild-type sequence and ptd-FGFR4 fidelity as compared with primary pituitary tumors. To identify the ATG translation start site responsible for the 65-kDa protein, we independently mutated the two in-frame ATGs at nucleotides 614-616 and at 686-688 to CTG using a transformer site-directed mutagenesis kit (CLONTECH Laboratories Inc.), following the manufacturer's instructions. The mutation was confirmed by nucleotide sequencing.
Protein extraction and cell fractionation. Total protein was extracted from total cell lysates and quantified. Cell fractionation was performed by the hypotonic/NP-40 lysis method. Cells were washed in Tris-buffered saline, swollen in homogenization buffer consisting of 10 mM Tris HCI (pH 7.4), 10 mM KCl, 1.0 mM EGTA, 5mM Cl 2 , 1 mM DTT, and 0.5 mM PMSF, and vortexed in homogenization buffer containing 0.6% NP-40. Supernatant contained cytoplasm and plasma membranes. The pellet containing nuclear fraction was suspended in resuspension buffer composed of 250 mM Tris (pH 7.8), 60 mM KCl, 1 mM DTT, and 1 mM PMSF.
Western blot analysis. Protein concentrations were determined using a protein assay from Bio-Rad Laboratories Inc. (Hercules, California, USA). Equal amounts of protein (50 µg) from whole-cell lysates or from cytoplasmic or membrane fractions were solubilized in 2× SDS sample buffer, separated on 8% SDS-PAGE gels, and transferred to nitrocellulose membranes. To determine possible glycosylation, cell lysates were subjected to N-glycosidase F treatment according to the manufacturer's protocol (Boehringer Mannheim, Indianapolis, Indiana, USA). Blots were incubated with an affinitypurified polyclonal rabbit antiserum directed against the C-terminus of human FGFR4 (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). Immunoprecipitation with anti-FGFR4 and immunoblotting with monoclonal anti-phosphotyrosine antibody 4G10 (1:400; UBI, Lake Placid, New York, USA) was performed to assess phosphotyrosine activity. A polyclonal antibody to rodent prolactin (PRL) (National Hormone and Peptide Program, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, Maryland, USA) was used at a dilution of 1:4,000 for detection of circulating PRL.
Immunohistochemistry. Tissues were fixed in formalin and embedded in paraffin. Immunolocalization was detected with the streptavidin-biotin-peroxidase complex technique and visualized with 3,3′-diaminobenzidine. Pituitary hormones were detected using antibodies described previously (4, 5, 18) . For localization of FGFR4 and ptd-FGFR4, a polyclonal antiserum that recognizes the C-terminal tail of FGFR4 (Santa Cruz Biotechnology Inc.) was diluted 1:1,500. For subcellular localization, primary antiserum was localized with fluorescein-tagged secondary antibody and visualized with an MRC 600 confocal microscope from Bio-Rad Laboratories Inc. The specificity of all reactions was verified by replacing primary antibody with normal serum, by examining negative control tissues, and by preabsorbing primary antibody with purified peptide.
Cell metabolic labeling. Cells were incubated with DMEM lacking cysteine and methionine (ICN Pharmaceuticals Inc., Costa Mesa, California, USA) for 2 hours, followed by metabolic labeling with 100 µCi/ml trans-35 S-labeled methionine (ICN Pharmaceuticals Inc.) for 60 minutes. The cell culture was split into four fractions, and chasing medium containing 10× methionine and 10× cysteine was added to each fraction for an incubation period of 30 minutes, 2 hours, 4 hours, or 6 hours. Cells were washed with 2× PBS and prepared for gel analysis. Blots were scanned for densitometric analysis, and the slopes of the decay rates for each construct were compared in three independent experiments. Mitogenic assay. Mitogenesis of NIH 3T3 cells stably transfected with FGFR4 or ptd-FGFR4 cDNA to FGF-1 (50 ng/ml) was measured by [ 3 H]thymidine incorporation. After confirming mRNA and protein expression by RT-PCR and Western blotting, stably transfected cells were grown in 6-well plates (5 × 10 4 cells/well) and preincubated for 48 hours in serum-free media with insulin (5 µg/ml) and transferrin (5 µg/ml). Cells were treated with or without FGF-1 (50 ng/ml; SigmaAldrich, St. Louis, Missouri) and 10 U/ml of heparin in serum-free medium for 24 hours at 37°C. During the last 6 hours, cells were labeled with 1 µCi/ml [ 3 H]thymidine, and the trichloroacetic acid-precipitable radioactivity associated with the cells was measured.
Transformation assays. To investigate anchorage-independent growth, NIH 3T3 cells (1 × 10 4 ) were plated in 0.3% agar containing DMEM with 10% FCS on top of a layer containing 0.5% agar, DMEM, and 10% FCS. Colony assays were conducted with and without FGF as above. After 2 weeks, colonies of cell aggregates greater than 50 µm in size were counted using an ocular grid and a phase-contrast inverted microscope (Leica, Wetzlar, Germany).
In vivo tumorigenesis. NIH 3T3 cells stably transfected with FGFR4, ptd-FGFR4, or vector were injected subcutaneously into Swiss nude mice (5 × 10 6 cells per injection). Tumor development at the site of injection was evaluated twice a week. Grossly visible tumors were examined histologically to confirm fibroblast origin and FGFR4 expression, and to exclude incidental spontaneous neoplasms. The site of injection was examined histologically in all mice at the time of sacrifice (6 weeks).
Transgene construction. The ptd-FGFR4 and FGFR4 cDNAs were released from pcDNA3.1 using HindI-II/XbaI, and then ligated into pGL-3 (Promega Corp., Madison, Wisconsin, USA), which provided an SV40 polyA signal (pGL-3-FGFR4). The rat PRL 3-kb promoter was excised from P3-Luc plasmid (provided by H. Elsholtz, University of Toronto, Toronto, Ontario, Canada) using BamH1/HindIII, and then ligated into the corresponding sites of psp73 (Promega Corp.). The PRL promoter was released using HindIII and KpnI. HindIII/KpnI sites were used to open pGL-3-FGFR4 for ligation of the PRL promoter at the 5′ end of FGFR4. This created the PRL-ptd-FGFR4 5.1-kb transgene and the PRL-FGFR4 5.8-kb transgene. These transgenes were purified from 1% agarose gels, treated with GENECLEAN II (Bio 101 Inc., Vista, California, USA) and microinjected into one-cell ICR mouse zygotes (5 ng) at the Samuel Lunenfeld Research Institute (SLRI; Toronto, Ontario, Canada).
Identification of transgenic mice. Two approaches were used to identify transgene carriers. Genomic tail DNA was digested with KpnI/SalI to release the entire transgene, followed by Southern blotting and hybridization with a digoxygenin-labeled probe corresponding to the PRL-FGFR4 transgene. For confirmation, DNA was subjected to PCR analysis using a sense primer in the rPRL promoter, and an antisense primer in exon 2 of FGFR4 for the full-length construct or in exon 6 of FGFR4 for the ptd-FGFR4 construct. The resulting 780-bp products for PRL-FGFR4 or 587-bp products for PRL-ptd-FGFR4 were electrophoresed on 1% agarose gels, followed by Southern blotting and hybridization. Plasmids containing the transgene served as positive controls for both analyses.
Animals. The care of animals was approved by the Institutional Animal Care facilities at SLRI. Mice were housed at the SLRI facility at 70-74°C and 50-75% humidity. Exposure to light for alternating 12-hour intervals was controlled automatically. Mice were fed an autoclaved formula diet and water ad libitum. At various ages, the animals were sacrificed with CO 2 and underwent complete autopsy. Serum was collected for hormone analysis by Western blotting. Tissues were frozen in liquid nitrogen and stored at -70°C, or fixed in formalin and embedded in paraffin for histologic and immunohistochemical analysis. Frozen tissue (liver, heart, skeletal muscle, lung, and kidney) was used for mRNA expression analysis to confirm pituitary-specific expression of the transgene by Northern blotting.
Statistical analysis. Data are presented as mean ± SE. Differences were assessed using the paired Student t test. Significance level was assigned at P < 0.05.
Results
The pituitary expresses a novel FGFR4 mRNA species. In a survey of pituitary tumor gene expression, we identified expression of an FGFR4 species containing the third Iglike domain, transmembrane region, and kinase domain with C-terminal immunoreactivity (Figure 1a) , in approximately 40% of pituitary tumors composed of the various hormone-secreting cell types, but not in nontumorous pituitary (18) . We identified an mRNA transcript by RT-PCR using sense primers in exon 6 and antisense primers downstream of exon 10 ( Figure 1b ), but no PCR product was derived using sense primers upstream of exon 5 ( Figure 1c) . We excluded the possibility of mRNA splicing by examining the RNA using sense primers in exons 1, 2, and 4; no products were identified (not shown). PCR performed on the same reverse-transcribed samples using corresponding primers in exons 2 through 11 of FGFR1 resulted in intact products of up to 1,700 bp in size (Figure 1c) , confirming the intact nature of pituitary tumor RNA samples examined. Northern blotting and hybridization with a probe containing the kinase region of FGFR4 confirmed an mRNA species in pituitary tumors that was smaller than that encoding the fulllength receptor in control breast cancer cells (Figure 1d ).
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The To more precisely define the 5′ ends of this pituitary tumor-derived, N-terminally truncated FGFR4 cDNA, and to further exclude the possibility that alternative splicing or rearrangement was the mechanism responsible for this FGFR4 isoform, we adopted a 5′ RACE approach. We examined RNA from ten different primary human pituitary tumors. 5′ RACE products were cloned into TA vectors and screened by hybridization with full-length FGFR4 cDNA. At least ten clones from each pituitary tumor-derived cDNA sample were examined. There were no intronic sequences identified, excluding the possibility of genomic DNA contamination. Sequence analysis of these clones revealed transcription initiation in exon 5, with the most 5′ nucleotide at position 520 of the human FGFR4 cDNA (Figure 1e ). The 5′ RACE-generated products contained two in-frame ATG translation initiation sites at nucleotides 614-616 and 686-688. All exon-intron boundaries conformed to the GT/AG rule. The existence of this N-terminally truncated isoform in pituitary tumors was further verified by independently performed RT-PCR reactions using primers upstream of this site. Corresponding 3′ RACE reactions from RNA of pituitary tumors yielded products with a common 3′ terminus containing no deletions or insertions.
Analysis of corresponding DNA from the same tumors failed to identify amplification, mutations, deletions, insertions, or rearrangements, making them unlikely mechanisms for the generation of this mRNA (not shown). Our findings are more consistent with the utilization of an alternative promoter situated in intron 4 of FGFR4 (19) . We have named this pituitary tumor-derived variant ptd-FGFR4.
FGFR4 immunoreactivity in pituitary tumors is ptd-FGFR4. To investigate protein expression of FGFR4 and identify its cellular source in the pituitary, we examined multiple tumors and nontumorous pituitary by immunoblotting and immunohistochemistry, using an antibody that recognizes the C-terminus of FGFR4. Immunoblotting of FGFR4-immunoprecipitated protein from primary human pituitary tumors did not reveal a 110-kDa immunoreactive protein indicative of full-length FGFR4. However, there was a product of approximately 65 kDa that was found only in tumors, not in the normal pituitary (Figure 2a) . By immunohistochemistry, nontumorous pituitary (n = 10) was consistently negative for FGFR4; 40% of pituitary tumors (n = 40) exhibited intense cytoplasmic staining for FGFR4 (Figure 2b) .
To characterize the novel protein further, we expressed the mRNA identified in human pituitary tumors in cells that do not express endogenous FGFRs. Transfection of HEK 293 cells with full-length FGFR4 yields a product that migrates as a doublet of approximately 110 kDa and 90 kDa on Western blotting. Treatment with N-glycosidase F results in a mobility decrease by both bands (not shown), consistent with the presence of N-linked glycosylation in both, as recently reported (20) . In contrast, transfection of the ptd-FGFR4 cDNA cloned from the primary human tumors yielded a product at approximately 65 kDa, the same size as that identified in Western blots of primary human pituitary tumors. Treatment with N-glycosidase F did not alter the mobility of this 65-kDa protein.
In view of the presence of two potential translation start sites, at nucleotides 614-616 and 686-688, we performed independent mutation of these sites. Mutation of the 686-688 ATG resulted in loss of FGFR4-immunoreactive protein.
To assess the stability of the ptd-FGFR4 isoform, we performed pulse chase experiments using 35 S-methion- ine. During the course of a 6-hour chase, the 110 kDa, 90 kDa, and 65 kDa isoforms immunoprecipitated by the C-terminal antibody persisted, with similar decay rates as quantitated by densitometry. No 65-kDa isoforms were identified in cells transfected with full-length FGFR4 (not shown), excluding degradation of the wildtype receptor as a propeptide of the 65-kDa isoform.
ptd-FGR4 is cytoplasmic whereas FGFR4 is membraneanchored. To identify the subcellular localization of ptd-FGFR4, we used confocal microscopy. HEK 293 cells transfected with full-length FGFR4 exhibited intense fluorescence at the cell periphery as previously described (21) , indicating a membrane-anchored protein (Figure 2c, left) . Cells expressing this receptor had a characteristic irregularity of the cell membrane, identified previously as "membrane ruffling" (21, 22) , that was not seen in nontransfected cells (not shown). Cells transfected with ptd-FGFR4 displayed a markedly different pattern of staining, characteristic of a diffuse cytoplasmic protein (Figure 2c, right) .
To corroborate these immunocytochemical findings, we performed Western blotting on subcellular fractions of transfected HEK 293 cells. Cells transfected with full-length FGFR4 showed predominant membrane reactivity for the 110/90-kDa doublet of FGFR4, minimal reactivity in cytoplasmic fractions, and no detectable reactivity in nuclear fractions. Cells transfected with ptd-FGFR4 showed cytoplasmic reactivity, some membrane reactivity, and undetectable nuclear reactivity for the 65-kDa species (Figure 2d) .
ptd-FGFR4 is constitutively phosphorylated. To determine the effect of FGFR4 N-terminal truncation on tyrosine phosphorylation, we analyzed HEK 293 cells transfected with FGFR4 or with ptd-FGFR4, under basal conditions and after exposure to FGF-1 for 9 hours (Figure 3a) . We selected FGF-1 because this FGF ligand has been shown to bind all four FGFRs (23) . Following immunoprecipitation with the antibody directed against the C-terminus of FGFR4, we identified the 110-kDa fragment in cells transfected with intact FGFR4, and a 65-kDa fragment in cells transfected with ptd-FGFR4. Analysis of these FGFR4 immunoprecipitates using an anti-phosphotyrosine antibody revealed phosphorylation of the full-length receptor after exposure to FGF-1. In contrast, cells expressing ptd-FGFR4 exhibited phosphorylation of the 65-kDa isoform with and without FGF-1 treatment, consistent with constitutive phosphorylation of the truncated receptor (Figure 3a) .
To assess the proliferative potential of ptd-FGFR4 compared with wild-type FGFR4, we stably transfected NIH 3T3 cells (Figure 3b ) and examined FGFR4 phosphorylation. The results were similar to those obtained in transiently transfected HEK 293 cells (Figure 3c ). These cells also exhibited increased phosphorylation of the 110-kDa fragment when transfected with ptd-FGFR4, suggesting that there may be an interaction between ptd-FGFR4 and endogenous full-length receptors.
ptd-FGFR4 is tumorigenic in vitro and in vivo.
To determine whether the constitutive phosphorylation of ptd-FGFR4 is of oncogenic significance, we used stably transfected NIH 3T3 cells expressing FGFR4 or ptd-FGFR4 (Figure 3b ). In keeping with previous reports suggesting that FGFR4 is not tumorigenic (24) (left) exhibit the same pattern, but with greater intensity (documented by densitometry). Cells transfected with ptd-FGFR4 (middle) express a 65-kDa protein that is phosphorylated in the presence and absence of FGF-1 (lower arrow); these cells also express the 110-kDa protein, and phosphorylation of this endogenous receptor is enhanced in the presence of FGF-1 to a greater degree than in control cells. These transfected NIH 3T3 cells had FGFR4 immunoreactivity that comigrated with the pTYR-immunoreactive bands.
growing to confluence, they exhibited loss of contact inhibition (Figure 4a) . The transforming effects of ptd-FGFR4 were therefore examined by assessing colony formation in soft agar. The efficiency of colony formation in soft agar, defined as percentage of innoculated cells that developed into colonies measuring 50 µm or more (Figure 4b ), was 0.22-0.30% by cells transfected with empty vector with or without FGF-1 stimulation. The efficiency of cells expressing FGFR4 under basal conditions was 0.30%; addition of FGF-1 increased this to 1.12%. In contrast, cells expressing ptd-FGFR4 had a 5.04% efficiency of colony formation that increased to 7.56% when exposed to FGF-1.
Further evidence of tumorigenicity was the development of tumors in vivo. Injection of transfected NIH 3T3 cells into nude mice resulted in large tumors when cells were transfected with ptd-FGFR4 (n = four of five mice), but not when transfected with FGFR4 (n = zero of five mice) or empty vector (n = zero of five mice) (Figure 4c ). The lack of effect of transforming ability of the full-length wild-type FGFR4 is consistent with previous data (24) , and was confirmed by histologic examination of the site of injection, which showed no viable injected fibroblasts.
Expression of ptd-FGFR4 causes pituitary tumors in transgenic mice.
Convincing evidence of a direct role of ptd-FGFR4 in pituitary tumorigenesis was obtained from transgenic mice. Using a PRL promoter that is expressed after completion of embryologic development (25), we generated transgenic mice selectively expressing ptd-FGFR4 in the pituitary. In addition to nontransgenic littermate controls, we generated transgenic mice expressing wild-type FGFR4 under the control of the same PRL promoter. Transgene carriers were identified by Southern blotting and by PCR, and two founders (each expressing one of the two transgenes) were propagated for further analysis. No extrapituitary transgene expression was identified. No pathology or developmental abnormalities were detected in the animals before 7 months of age, and the animals were fertile. At 7 months, the pituitaries of PRL-ptd-FGFR4 transgenic mice were of normal size; immunohistochemistry identified numerous lactotrophs with intense cytoplasmic FGFR4 expression. Diffuse hyperplasia like that previously noted in other models (4, 9) was not evident, since the reticulin stain did not show expansion of pituitary acini. The pituitaries of PRL-FGFR4 transgenic mice contained lactotrophs with a similar intensity of FGFR4 immunoreactivity but with a distinct membrane pattern of staining.
By the age of 11 months, 90% of PRL-ptd-FGFR4 transgenic animals developed pituitary tumors ( Figure  5, a and b) . Circulating PRL levels of PRL-ptd-FGFR4 transgenic animals were higher than those of nontransgenic littermates, and correlated with tumor size (Figure 5c ). Equal numbers of tumors were found in males and females, but consistent with the estrogenresponsiveness of the prolactin promoter used to drive transgene expression, the tumors were significantly larger in females, with some exhibiting intracranial extension and invasion of brain reminiscent of macroadenomas in humans (Figure 5d ). Male animals developed multifocal microadenomas that could be seen on microscopic examination ( Figure 5e) ; the tumors exhibited disruption of the normal acinar architecture of the pituitary, and prominent vascularity. The tumors were composed of lactotrophs with cytoplasmic immunoreactivity for prolactin (Figure 5f ), and cytoplasmic FGFR4 reactivity consistent with ptd-FGFR4 (Figure 5g ). Other cell types of the pituitary were not affected. Age-and sex-matched nontransgenic littermates had no pituitary pathology. In contrast to animals expressing ptd-FGFR4, animals expressing the wild-type FGFR4 transgene had normal pituitary acinar architecture, with no evidence of hyperplasia or adenoma formation (Figure 5h) , and a normal distribution of the various hormone-secreting cell types. The pituitaries exhibited a membrane-reactive pattern of FGFR4 immunopositivity (Figure 5i) , with none of the cytoplasmic staining seen in ptd-FGFR4 transgenic mice; staining was restricted to lactotrophs that were normal in size, number, and distribution. 
Discussion
The role of growth factors in pituitary cell proliferation and tumorigenesis has been the subject of much investigation (reviewed in ref. 2) . A number of observations highlight the potential oncogenic contribution of the FGF system to pituitary tumorigenesis. At least 22 members of the FGF family have been described, with variable mitogenic, angiogenic, and hormone regulatory functions (14) . One of these, FGF-2, was originally isolated from bovine pituitary (15) and is differentially expressed by pituitary tumor cells (16) . FGF-2 is known to be angiogenic through stimulation of vascular EGF (26) , suggesting a possible indirect mechanism for tumorigenesis. An N-terminally extended form of FGF-2 with a putative nuclear localization sequence has been reported in pituitary tumor cells (27) . Human FGF-4 (hst) has been identified in transforming DNA derived from human pituitary tumors (28) . Moreover, in one mouse model, estrogen-induced pituitary tumorigenesis was associated with enhanced expression of FGF-2 and of a pituitary tumor transforming gene (PTTG) (29) .
FGF action is mediated by FGF receptors that exhibit a complex pattern of expression. Multiple forms of cellbound or secreted forms of FGFR1, -2, and -3 are generated from the same gene by alternative initiation, alternative splicing, exon shuffling, and/or variable polyadenylation (30) . These isoforms differ in ligand binding and signaling potential, and their patterns of expression determine selective responsiveness of different tissues to different members of the FGF family. Initially, FGFR4 was considered unique in that the intact full-length receptor was believed to be the sole isoform. FGFR4 has 18 exons, in contrast to the 19 exons found in other FGFRs (19) . The additional exon in FGFR1, -2, and -3 is located between exons 8 and 9 of FGFR4, and is used to generate alternatively spliced transcripts that encode isoforms of the third Ig-like domain. However, it is now recognized that the FGFR4 gene can also express isoforms. Human intestinal epithelial cells were recently shown to express an FGFR4 transcript in which exon 9 is displaced by intron 9, leading to loss of the transmembrane domain (31) . We identified expression of the N-terminal region of FGFR4 in normal pituitary, which does not express the kinase region of this gene, suggesting that FGFR4 may also derive a C-terminally truncated isoform (18) . Subsequently, we showed that failure to splice intron 4 leads to an mRNA transcript encoding an in-frame premature stop codon, generating a soluble C-terminally truncated, dominant-negative FGFR4 isoform in human breast cancer cells (32) . Alternative splicing of intron 17 in the mouse leads to a C-terminally truncated FGFR4 with a shorter intracellular tail (33) ; however, the functional significance of this FGFR4 splice variant is unknown.
FGFR4 is expressed mainly in adrenal, heart, lung, kidney, pancreas, muscle, and spleen, and was reported to be not expressed in brain (34) . Our data indicate
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The aberrant expression of a novel pituitary tumor-derived, N-terminally truncated FGFR4 isoform that is not identified in the normal pituitary, providing a new ancillary diagnostic tool for these neoplasms. The mechanism underlying this phenomenon is not understood; we have excluded amplification or rearrangement as a causative mechanism. Further analysis will require characterization of the regulatory mechanisms underlying FGFR4 promoter activation in normal and abnormal circumstances. Our current findings represent the first report of alternative transcription initiation in the genesis of an N-terminally truncated FGFR4 isoform. This finding is consistent with the presence of a cryptic promoter within intron 4 of the FGFR4 sequence (19) . The factors that are involved in the regulation of FGFR4 gene expression remain to be characterized, and the functional significance of this putative intronic promoter is not known.
The ptd-FGFR4 transcript that we have identified encodes a protein that includes the third Ig-like loop of the extracellular domain, the intracellular kinase region, and the C-terminal portions of the protein, but not the signal peptide or two N-terminal extracellular Ig-loops. The lack of a signal peptide is likely responsible for its localization in the cytoplasm. Since ptd-FGFR4 contains a transmembrane domain, it is possible that it is trapped in a membrane-containing compartment of the cytoplasm, where by virtue of nonspecific oligomerization, it may become activated.
While our data indicate that the ptd-FGFR4 is constitutively phosphorylated, the tumorigenic potential of this receptor isoform may be enhanced by ligand, since growth in soft agar was slightly enhanced in the presence of FGF. This increase may be the result of interaction of ptd-FGFR4 with endogenous FGFRs in NIH 3T3 cells. Nevertheless, expression of ptd-FGFR4 in NIH 3T3 cells resulted in increased cell proliferation and anchorage independence in vitro, and caused tumorigenesis when injected in vivo. ptd-FGFR4 is not a potent transforming oncogene; this is consistent with the usually benign behavior of most pituitary tumors. Nevertheless, expression of ptd-FGFR4 in the pituitary of transgenic mice results in tumor formation, providing a rational basis for exploration of the potential utility of selective receptor kinase inhibitors in the treatment of pituitary adenomas.
In contrast to previous models of pituitary tumorigenesis in mice, the model we report here identifies a transforming oncogene that causes pituitary adenoma formation in the absence of prolonged and massive hyperplasia. There was no significant enlargement of the gland or expansion of pituitary acinar size in our animals prior to the formation of discrete adenomas. In previously reported models of pituitary tumorigenesis (4) (5) (6) (7) (8) (9) , there is a prolonged phase of massive hyperplasia of adenohypophysial cells associated with the primary stimulus. It has been argued that a "second hit" in the rapidly proliferating cells is required for neoplastic transformation (2) . The model reported here lacks the phase of significant hyperplasia prior to the emergence of tumors, and therefore is much more analogous to the situation in human patients with pituitary adenomas.
In summary, we have identified, in human pituitary tumors, a novel N-terminally truncated isoform of FGFR4, which we have named ptd-FGFR4. This truncated receptor lacks a signal peptide and is localized in the cytoplasm, where it exhibits ligand-independent tyrosine phosphorylation. Ectopic expression of ptd-FGFR4 in NIH 3T3 cells results in increased cell proliferation, anchorage independence, and colony formation in vitro, and causes tumorigenesis when injected in vivo. Pituitary expression of ptd-FGFR4, but not wild-type FGFR4, results in pituitary tumor formation in transgenic mice. This is the first report of an altered growth factor receptor isoform in primary human pituitary tumors that can be implicated in the neoplastic process in vivo. Moreover, this is the first time that a molecular alteration identified in sporadic human pituitary tumors has been shown to recapitulate in an animal model the morphologic and functional features of human pituitary disease.
